Spontaneous reentrainment to phase shifts of the photocycle is a fundamental property of all circadian systems. Siberian hamsters are, however, unique in this regard because most fail to reentrain when the LD cycle (16-h light/day) is phase delayed by 5 h. In the present study, the authors compared reentrainment responses in hamsters from 2 colonies. One colony descended from animals trapped in the wild more than 30 years ago (designated "nonentrainers"), and the other colony was outbred as recently as 13 years ago (designated "entrainers"). As reported previously, only 10% of hamsters from the nonentrainer colony reentrained to a 5-h phase delay of the LD cycle. By contrast, 75% of animals from the entrainer colony reentrained to the phase shift. Another goal of this study was to test the hypothesis that failure to reentrain was a consequence of light exposure during the middle of the night on the day of the 5-h phase delay. This hypothesis was tested by exposing animals to 2 h of light during the early, middle, or late part of the night and then subjecting them on the next day to a 3-h phase delay of the photocycle, which is a phase shift to which all hamsters normally reentrain. All animals from both colonies reentrained when light pulses occurred early in the night, but more animals from the entrainer colony, compared to the nonentrainer colony, reentrained when the light pulse occurred in the middle or late part of the night. The phenotypic variation in reentrainment responses is similar to the variation in photoperiodic responsiveness previously reported for these 2 colonies. Phenotypic variation in both traits is due to underlying differences in circadian organization and suggests a common genetic basis for reentrainment responses and photoperiodic responsiveness.
Entrainment of nocturnal rodents to daily cycles of illumination is achieved primarily by phase shifts of the circadian pacemaker. When the photocycle is phase shifted by several hours, animals spontaneously reentrain to the new phase of the photocycle (Aschoff et al., 1975; Pohl, 1978) . Laboratory studies in which the LD cycle is abruptly phase shifted have revealed many general features of circadian organization. For example, such studies have shown that reentrainment tends to take much longer if the photocycle is advanced rather than delayed and that the daily onset and end of locomotor activity reentrain at 530 different rates (Aschoff et al., 1975; Pittendrigh and Daan, 1976a; Elliott and Tamarkin, 1994; Ruby et al., 1998) . Reentrainment studies have been used to develop models of evening-morning oscillators that are important in photoperiodic time measurement (Pittendrigh and Daan, 1976b; Gorman et al., 1997; Daan et al., 2001) and hierarchical models of masterslave oscillators (Pittendrigh, 1974; Gwinner, 1978) . Despite their historical importance, however, such studies are increasingly rare in the characterization of circadian rhythms of new model systems.
The circadian system of Siberian hamsters (Phodopus sungorus sungorus) has been characterized in detail by several laboratories. Circadian organization in this species is consistent with that of other nocturnal rodents with respect to parameters such as their photic PRC (Milette and Turek, 1986; Puchalski and Lynch, 1991a) , conformity to Aschoff's rule (Ferraro, 1988; Puchalski and Lynch, 1991b) , and behavior under various T-cycles (i.e., LD cycles different from 24 h) (Darrow and Goldman, 1985; Puchalski and Lynch, 1994) . Recent studies have, however, revealed that unlike other nocturnal rodents, hamster circadian rhythms are prone to disruption by various light treatments. When the photocycle is phase shifted by 5 h, approximately 90% of these hamsters failed to reentrain and, instead, free ran or became arrhythmic despite the continued presence of the LD cycle (Ruby et al., 1996 (Ruby et al., , 1998 . Siberian hamsters can also be made arrhythmic if they are exposed to a light pulse late at night followed by a light pulse early the next night (Steinlechner et al., 2002) . Thus, despite having a circadian system that conforms to the basic tenets of circadian organization, these animals lack a robust reentrainment response to phase shifts of 5 h, and their rhythms are readily disrupted by light pulses.
The failure of Siberian hamsters to reentrain to a 5-h phase shift does not preclude reentrainment to phase shifts of other magnitudes. These animals readily reentrained to phase advances or delays of 1 or 3 h (Ruby et al., 1998) . Thus, when the phase shift of the photocycle was decreased from 5 to 3 h, the proportion of animals that reentrained went from <10% to 100%. The 2-h difference between these phase shifts may be crucial to the reentrainment response because this 2-h light exposure occurred during the middle of the night. Light pulses in the middle of the night can have unpredictable effects on circadian phase because it is the time of the "break point" in the photic PRC, in which small variations in the timing of a light pulse make the difference between whether the pulse ad-vances or delays rhythms (Pittendrigh and Daan, 1976a) . It is also the time when light can drive the pacemaker into singularity and render animals arrhythmic (Jewett et al., 1991; Honma and Honma, 1999; Leloup and Goldbeter, 2001) . The goal of this study was to evaluate whether the failure of hamsters to reentrain to a 5-h phase shift of the photocycle was because of 2 h of light exposure in the middle of the night. This goal was accomplished by taking advantage of the marked difference in the proportion of animals that reentrained to 3-or 5-h phase shifts. This hypothesis was tested by exposing animals to a 2-h light pulse in the middle of the night and then phase delaying the photocycle by 3 h on the following day. Given that all hamsters reentrain to a 3-h phase delay, there should be a reduction in the proportion of animals that reentrain if light exposure in the middle of the night influences reentrainment.
The experiments in this study were performed with hamsters from 2 different breeding colonies. Our earlier work was performed using hamsters from a breeding colony started by Dr. Klaus Hoffmann in Germany more than 30 years ago. After the original experiments in the present study were completed, we started a 2nd colony of hamsters derived from breeding pairs trapped in the wild 20 years ago and outbred with animals trapped as late as 1991 by Dr. Katherine Wynne-Edwards and maintained in Canada (Dr. Wynne-Edwards, personal communication). Animals from these 2 colonies have not been interbred in this laboratory. To evaluate the reentrainment response in the new colony, animals were exposed to a 5-h phase delay of the photocycle in exactly the same manner as previously reported. In marked contrast to the older colony, approximately 80% of the animals reentrained. Therefore, we repeated all of the experiments that had been performed with hamsters originating from the German colony with animals originating from the Canadian colony. For ease of discussion, hamsters with a lineage from the German colony are referred to as "nonentrainers," and those descended from the Canadian colony are referred to as "entrainers."
METHOD

Housing Conditions
Siberian hamsters (P. sungorus sungorus) from both colonies were bred in our laboratory from breeding pairs donated to us by Dr. Irving Zucker of the University of California, Berkeley. Each colony was maintained separately, but males and females were randomly paired with nonsiblings for breeding within each colony. Animals were maintained 1 to 4 per cage from birth in a 16:8 LD cycle (lights-on at 0200 h, PST) and ambient temperature (T a ) of 22°C. Housing conditions and illumination in the hamster colony and experiment rooms were as previously described (Ruby et al., 2002) . Illumination was provided by 2 cool white fluorescent tubes (Philips F32T8/TL741 Hi-Vision 40 W, 4100°K, Philips Lighting, Somerset, NJ) that provided a light intensity of 10 to 60 µW/cm 2 (model IL-1405 radiometer system, International Light, Newburyport, MA) on the cage floors, depending on cage location in the room. Light measurements were made with a light sensor on the cage bottom that was aimed upward, with water bottles and cage lids with filled food hoppers in place. Animals were provided with cotton batting for nesting material; food (Purina chow 5015, Purina Mills, St. Louis, MO) and tap water were available ad libitum.
Activity
Activity was measured by passive infrared motion detectors, as has been previously described (Ruby et al., 2002) . Each detector was mounted directly above the tip of the water bottle sipper tube, and the coverage pattern was configured so that activity levels primarily reflect drinking behavior but also include locomotor activity that occurs directly under the sipper tube. The temporal resolution for detecting successive bouts of activity is 1 to 2 sec between bouts. Activity bouts were summed in 10-min intervals and were stored on a computer.
Data Analysis
Periods of activity rhythms were determined for the 10 days after the phase shift by a standard deviation-based periodogram analysis (Dörrscheidt and Beck, 1975) . Peaks in the periodogram were deemed statistically significant if they exceeded the 99.9% confidence interval limit. Activity rhythms were considered entrained, free running, or arrhythmic based on periodogram analysis. Because a 10-min sampling interval was used for data acquisition, periodogram analysis occasionally estimated rhythm period to be 23.83 or 24.17 h (i.e., 24.00 h ± 1 sampling interval) in entrained animals. Therefore, rhythms were considered entrained if the period estimate was 23.83, 24.00, or 24.17 h, and if daily rhythm onsets maintained a stable phase relationship to the LD cycle. Rhythms were considered free running in the LD cycle if periodogram analysis estimated the rhythm period to be either <23.83 or >24.17 h and the rhythm lacked a stable phase relationship to the photocycle. Arrhythmicity was defined as the absence of any significant periodicity in the periodogram.
The daily onsets and offsets of activity were determined for each day of the study and used to determine the number of days required for reentrainment to the photocycle. Activity onset was defined as the first 10min interval in a circadian cycle in which the number of activity bouts increased above the daily mean number of bouts and was sustained at or above that level for ≥30 min. Activity offset was the time when the number of activity bouts remained below the daily mean for ≥30 min. Alpha (α) was the time interval between activity onset and offset. An animal was considered to have reentrained when both activity onsets and offsets attained a stable phase relationship to the photocycle. The number of days required for reentrainment was the time interval between the day of the phase shift and the 1st day these phase relations were achieved. The 1st day of reentrainment was determined by fitting a regression line to offsets from the last 7 days of data and then extrapolating through prior days (Clock Lab, Actimetrics, Evanston, IL). The 1st of 3 consecutive days when all 3 activity offsets occurred within 20 min of the extrapolated regression line was taken as the 1st day of reentrainment. The timing of light pulses in this study is reported in ZT, in which the period of the zeitgeber (i.e., LD cycle) equals 24 h. The time of light onset is defined as ZT 0.
ANOVA or t tests were used to determine differences among groups and changes in dependent variables over time (repeated measures). Tukey's correction was applied for all independent post hoc pairwise comparisons. Differences in the proportion of animals that reentrained under various lighting regimens were evaluated with the chi-square distribution for goodness of fit. All group values are expressed as the mean ± SEM. Differences were considered significant if p < 0.05.
Experiment Protocol
Equal numbers of male and female hamsters were used in all experiments. We found no significant sex differences in any of the dependent variables (p > 0.05 for each test); thus, data were pooled across sexes.
Experiment 1: Reentrainment to a 5-h Phase Delay
Baseline activity was recorded for 14 days in animals housed singly in the same photoperiod as that of the colony room (16-h light/day; lights-on at 0200 h, PST). On day 15, the LD cycle was phase delayed by 5 h via an extension of the light phase. Animals remained in the same photoperiod for the duration of the study (16-h light/day; lights-on at 0700 h, PST).
Experiment 2: Reentrainment to a 2-h Light Pulse and a 3-h Phase Delay
Animals were housed singly in the same photoperiod as that of the colonies for the first 14 days of activity recording. On day 15, separate groups of hamsters were exposed to 1 of 5 conditions: 1) a 2-h light pulse centered in the middle of the night from ZT 19 to 21, 2) a 3-h phase delay of the photocycle achieved via an extension of the light phase, and 3-5) a 2-h light pulse from ZT 17 to 19 (early), 19 to 21 (middle), or 21 to 23 (late) on day 15 followed by a 3-h phase delay of the photocycle on day 16. Thus, the last 3 groups all experienced a 3-h phase delay of the LD cycle that was preceded by a 2-h light pulse during the early, middle, or late part of the night on the night prior to the phase delay ( Fig. 1) . Animals from the nonentrainer colony in condition 1 were exposed to a second 2-h light pulse 10 days after the 1st pulse to replicate the effects of the light pulse on α compression. The 2-h light pulse was performed only once with hamsters from the entrainer colony because it served as a control by which to compare the magnitude of the effect of the 2-h light pulse in the nonentrainers.
RESULTS
Experiment 1: Reentrainment to a 5-h Phase Delay
Twenty-four hamsters from each colony were exposed to the 5-h phase delay. All hamsters were stably entrained prior to the phase shift. The proportion of animals that reentrained, free ran, or became arrhythmic after the phase delay differed markedly between the 2 colonies (χ 2 = 20.4, p < 0.001; Fig. 2 ). Reentrainment occurred in 75% of the hamsters from the entrainer colony compared to only 9% of those from the nonentrainer colony ( Fig. 2 ). Among animals from the entrainer colony, the number of days to reentrain was highly variable and ranged from 5 to 25 with a mean of 11.6 ± 1.4 days.
Most animals from the nonentrainer colony free ran (52%) or became arrhythmic (39%) after the phase delay. Two animals were excluded from this analysis because their activity records could not be readily classified into 1 of the 3 categories. Animals that free ran (n = 12) had a mean period of 24.9 ± 0.1 h (range, 24.33-25.5 h). Activity records of arrhythmic hamsters indicated that the progression toward arrhythmicity was complete within 3 to 6 days after the phase shift. Representative activity records of nonentrainers that free ran or became arrhythmic after the phase shift have been published (Ruby et al., 2002) and are not illustrated here. 
Experiment 2: Reentrainment to a 2-h Light Pulse and a 3-h Phase Delay
Asingle 2-h light pulse centered in the middle of the night advanced activity offsets in entrainers and nonentrainers but had no effect on activity onsets (Fig. 3) . The number of days for activity offsets to stably reentrain did not differ between these 2 groups (p > 0.05) and required an average of 7.5 ± 0.5 days (n = 18, data from both groups combined; see Fig. 4 ).
All animals from both colonies reentrained to a 3-h phase delay of the photocycle. There were no differences between entrainers and nonentrainers in the number of days required to reentrain (p > 0.05; Fig. 4 ). Reentrainment of activity offsets required nearly 3 times as long to reentrain than did activity onsets (8.7 ± 0.6 days vs. 3.2 ± 0.1 days; n = 24, data combined from both groups; Fig. 3 ).
The proportion of animals that reentrained to the combination of a 2-h light pulse and 3-h phase delay was significantly influenced by the timing of the light pulse and colony of origin (χ 2 = 28.1, p < 0.001; Fig. 4 ). All entrainers reentrained to the phase delay if the light pulse occurred during the early (n = 9) or middle (n = 9) part of the night, but only 29% (n = 5 of 17) reentrained if the light pulse occurred during the late part of the night. By contrast, all nonentrainers reentrained if the light pulse occurred early (n = 12 of 12) in the night, but only 58% and 0% of the animals reentrained to light pulses given in the middle of night (n = 7 of 12) or late at night (n = 0 of 12), respectively ( Fig. 4) . Of those 17 animals that did not reentrain, 11 free ran with a mean rhythm period of 25.2 ± 0.1 h after the combination of light pulse and phase delay, and 6 hamsters were arrhythmic (Fig. 5) . Although the 2 arrhythmic animals ( Fig. 5 E, F) had delayed activity onsets prior to the phase shift, this was not a consistent feature of hamsters that became arrhythmic.
The number of days to reentrain was calculated for hamsters from both colonies that reentrained to the combined light pulse and phase-delay treatment. The number of days required to reentrain was influenced by the timing of the 2-h light pulse (F 1,36 = 11.0, p = 0.002) but not by the colony of origin (F 1,36 = 3.4, p > 0.05; Fig. 4 ). Thus, data from animals administered light pulses in the early and middle parts of the night were pooled from both colonies. Nonentrainers given light pulses late at night were excluded from this analysis because none of those hamsters reentrained. Reentrainment of activity offsets required significantly fewer days when the light pulse occurred early at night rather than in the middle of the night (9.6 ± 0.8 days vs. 12.8 ± 0.6 days, n = 21 and 16, respectively; t test, p < 0.01; Fig. 4 ). By contrast, the timing of the light pulse had no effect on the number of days for activity onsets to reentrain (4.7 ± 0.4 days vs. 4.8 ± 0.4 days for early and middle, respectively; p > 0.05). Therefore, activity offsets required 2 to 3 times longer than did activity onsets to reentrain. Thus, phase shifts of offsets ultimately determined the amount of time required to reentrain and the extent of α compression that occurred after the combination of a 2-h light pulse and 3-h phase delay (Fig. 6) .
Alpha Compression and Reentrainment
The differential reentrainment rates of activity onsets and offsets in both experiments produced changes in α that appeared to predict reentrainment responses to the light treatments. This was investigated in 2 ways. First, α was compared between hamsters from the entrainer colony that reentrained (n = 9) and hamsters from the nonentrainer colony that free ran (n = 11) after the 5-h phase delay (Fig. 7 E, F) ; α was significantly shorter in free-running animals for several days after the phase shift (t tests, p < 0.001; Fig. 7 C,  D) . Second, α was compared among nonentrainers 534 JOURNAL OF BIOLOGICAL RHYTHMS / December 2004 that either free ran (n = 6) or reentrained (n = 5) after a 2-h light pulse in the middle of the night and a 3-h phase delay. Free-running hamsters had a significantly shorter α for several days after the light treatment compared to animals that reentrained (t tests, p < 0.001; Fig. 7 A, B ).
DISCUSSION
The present study supported our hypothesis that light exposure during the middle of the night impairs reentrainment to phase shifts of the LD cycle. We have previously shown that hamsters readily reentrained to a 3-h phase delay of the photocycle (Ruby et al., 1998) , and we now show that reentrainment to that phase shift is greatly attenuated by a 2-h light pulse administered on the night before that phase shift. The number of animals that failed to reentrain increased when the light pulse occurred late, and even in ani-mals that did reentrain, the late pulse produced the slowest reentrainment rates of any group. The combined effects of the 2-h light pulse and 3-h phase delay may be understood by their interactions with the light PRC. The PRC indicates that light produces maximal phase advances late at night and smaller advances near the middle of the night (Milette and Turek, 1986; Puchalski and Lynch, 1991a) . Therefore, light exposure in the middle of the night produced smaller phase advances because it occurred at the point in the PRC where it transitions from delays to advances. In this case, the 2-h light pulse occurred mainly in the phaseadvance region, the net result of which was a smaller phase advance. Thus, reentrainment took longer when animals were light pulsed late at night because activity offsets had to gradually delay over a longer time compared to animals light pulsed in the middle of the night.
One hypothesis to explain the failure of some animals to reentrain is based on the changes in α after a phase shift of the photocycle. In prior studies and in the present one, it was found that delays in activity onsets were much greater than they were for offsets after a 5-h phase delay of the LD cycle. This resulted in a significant decrease in α (i.e., compression) that lasted several days. The combination of a 2-h light pulse and 3-h phase delay produced greater shifts in activity offsets compared to onsets, and that resulted in a substantial compression of α. Compression of α is associated with decreases in the amplitude of the PRC (Pittendrigh et al., 1984; Honma et al., 1985; Pohl, 1985) ; thus, a 5-h phase delay of the photocycle or the combination of a 2-h light pulse and 3-h phase delay may have precluded reentrainment by reducing PRC amplitude. Even a relatively modest change in α is sufficient to markedly decrease the PRC; a decrease in α of~2 h is associated with a decrease in PRC amplitude of approximately two-thirds in golden hamsters (Pittendrigh et al., 1984) . Given that Siberian hamsters housed in long days have a low-amplitude PRC (Milette and Turek, 1986; Puchalski and Lynch, 1991a) , the changes in α observed in the present study may have decreased the PRC to zero amplitude, thereby precluding reentrainment. Although α compression typically preceded loss of entrainment or complete loss of rhythmicity in our protocols, we have observed substantial α compression in a minority of animals that did eventually reentrain. Nevertheless, Steinlechner et al. (2002) used a different light-pulse protocol and reported that α compression preceded loss of rhythmicity in their colony of Siberian hamsters. Thus, while α compression cannot explain all of the variance in reentrainment responses, it is still a good marker for predicting those responses.
The marked difference between these 2 colonies in the magnitude of the effects in both experiments suggests 2 distinct reentrainment phenotypes in this species. These colonies also have phenotypic differences in their photoperiodic responsiveness. Photoperiodic responsiveness refers to changes in reproductive and thermoregulatory functions that are induced by changes in day length and can be selected artificially in the laboratory in response to short day lengths (Puchalski and Lynch, 1991a; Freeman and Goldman, 1997) . Our population of nonentrainers was derived from the same population of hamsters in which~80% fail to undergo gonadal regression when exposed to short days (i.e., nonresponders), whereas our population of entrainers mostly responds to short day lengths. Nonresponsiveness has been attributed to defects in melatonin effector systems in many species (reviewed in Goldman, 2001) , but in Siberian hamsters, it is related to circadian rhythm entrainment patterns in which animals maintain a large negative phase angle of entrainment in short days Lynch, 1988, 1991a; Prendergast and Freeman, 1999) . Thus, these 2 populations exhibit phenotypic differences in 2 characteristics that are related to circadian function. Because these are characteristics of 2 distinct populations, it is not yet known whether individual animals that are nonresponders are also nonentrainers. Genetic differences may explain the phenotypic variation between entrainers and nonentrainers in a similar way that photoperiodic responsiveness has a genetic basis. Genetic analysis of photoperiodic responsiveness in 2 different populations of Siberian hamsters has shown that it is a multigenic trait and highly heritable (Lynch et al., 1989; Prendergast et al., 2002) . Because both photoperiodic responsiveness and reentrainment responses are products of circadian organization, both traits may share the same genetic basis. Phase angle of entrainment may be used to distinguish responders from nonresponders, but it is determined by several factors, such as rhythm period, the PRC, and the strength of the entraining agent (i.e., zeitgeber) (Aschoff et al., 1975; Pittendrigh and Daan, 1976a) . Thus, it is unclear which aspects of circadian organization are under selection pressure, although Lynch et al. (1989) have suggested that coupling among individual circadian oscillators may be one target of selection.
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As has been observed for photoperiodic responsiveness (Nelson, 1985) , the diminished reentrainment responses of nonentrainers could be related to having been bred in the laboratory for many more years than was the colony that produced entrainers. to genetic differences in parental stock that were trapped many years apart. It is also possible that longterm selection for breeding success has led to diminished reentrainment responses in the colony of nonentrainers by selection acting on some component of circadian organization that is linked to reproduction. Although it is difficult to imagine such a link, a similar case has been made for photoresponsiveness among male prairie voles in which long-term laboratory breeding was associated with decreased photoperiodic responsiveness (Nelson, 1985) .
